Abstract: Black spruce (Picea mariana (Mill.) BSP) is a common treeline species in eastern Canada but rare at treeline in Alaska. We investigated fire and substrate effects on black spruce populations at six sites along a 74 km transect in the Brooks Range, Alaska. Our southern sites, on a surface deglaciated >50 000 years ago, had significantly more acidic soils, more black spruce, and higher seed viability than our northern sites, which were deglaciated approximately 13 000 years ago. Despite similar fire history at five of our six sites, postfire recruitment dynamics varied with surface age. Sexual reproduction was vigorous in both postfire and nonfire years in populations on the older surface. On the younger surface, vigorous sexual reproduction was restricted to postfire decades and clonal reproduction by branch layering predominated in nonfire years. At the northernmost site, which was unburned, black spruce reproduced almost exclusively by layering. The species' northern range limit thus reflects an interaction between fire and substrate: on recently deglaciated surfaces, sexual reproduction is restricted to postfire years. This substrate-induced dependence on fire may restrict the range of black spruce to sites that burn sufficiently often to allow occasional sexual reproduction.
Introduction
Temperatures in Alaska have been rising at the rate of approximately 0.4 8C per decade since the 1960s (Chapin et al. 2005) ; much larger increases in temperature are expected in the future (ACIA 2004) . Vegetation in Alaska, and throughout the Arctic, has already begun to respond to warming temperatures. In northern Alaska, tall shrubs have expanded within tundra ecosystems (Sturm et al. 2001; Tape et al. 2006) . The onset of this expansion is poorly known but probably dates to the early 1900s or late 1800s (Tape et al. 2006) . Simultaneous with shrub expansion in Arctic regions, treeline forests of white spruce (Picea glauca (Moench) Voss) began to colonize areas of arctic and alpine tundra throughout Alaska (Lloyd 2005; Lloyd and Fastie 2003; Suarez et al. 1999) . Together, these changes suggest that a northward shift of vegetation is occurring as climate warms. The potential responses of other high-latitude ecosystem types to warming, however, remain more poorly understood. In Alaska and northwestern Canada, the response of white spruce forests to climate variability is reasonably well studied, but it remains unknown whether climate warming will lead to a northward expansion of black spruce (Picea mariana (Mill.) BSP) forests, which are the more common forest type within the boreal zone in that geographic region.
Black spruce forests are the dominant vegetation type on north-facing slopes, low-lying areas with poor drainage, and the vast lowlands surrounding the major rivers in Alaska and northwestern Canada (Viereck et al. 1983) . Despite its prominence on cold microsites (e.g., north-facing slopes) within its range, and despite its dominance of treeline forests in the eastern Canadian Arctic, black spruce reaches its northern limit in Alaska more than 35 km south of the northern limit of white spruce and is rare at alpine treeline locations within interior Alaska (Viereck 1979) . The reasons for its scarcity at treeline in Alaska remain unknown, and thus the potential for black spruce forests to advance northward with white spruce as climate warms is unknown. If its range limit in Alaska is caused by nonclimatic factors, for example, it may not be sensitive to climate warming. Understanding the factors that control the range limit of black spruce is thus an important goal.
Climate has been shown to be an important determinant of the range limit of black spruce in northwestern Canada (Black and Bliss 1980) . Temperature, particularly as it affects germination success, has significant control over black spruce success at its northern boundary in northwestern Canada. There is no clear evidence, however, that black spruce is less cold tolerant than white spruce. To the contrary, its presence at treeline with white spruce in the eastern part of its range suggests that it has a similar degree of cold tolerance. In a previous study , we sampled three populations near the northern range limit of black spruce and found that the populations had low seed viability and were dependent on fire for recruitment. The sites sampled in that study were all in close proximity to one another, however, so latitudinal trends in recruitment dynamics, forest structure, or fire history remain undescribed. In this study, we sampled a much broader array of sites to allow us to more fully characterize latitudinal changes in population dynamics. Given that black spruce is a treeline species elsewhere in its range, we hypothesized that nonclimatic factors contribute important controls over its distribution in Alaska. In this study, we explored the effects of two factors in particular: fire and substrate.
Black spruce is commonly believed to be a fire-adapted species and as such, fire, or the absence of fire, may influence population dynamics and potentially limit success at its northern range edge. Indeed, black spruce range limits have been linked to spatial gradients in fire regime elsewhere in its range (Parisien and Sirois 2003) . In interior Alaska, for example, fire is considered a major control over black spruce population dynamics. The majority of black spruce recruitment typically occurs within a few decades of a stand-replacing fire Yarie 1983) . Elsewhere in its range, however, particularly in marginal sites with an open forest canopy, recruitment may continue for several decades or more after a fire (Foster 1985) . Black spruce maintains an aerial seed bank in its semi-serotinous cones; cones open following fire and release copious quantities of seed on the forest floor (Arseneault 2001) . Furthermore, seed germination and seedling establishment are generally positively correlated with burn severity (Greene et al. 2004; Johnstone and Chapin 2006) , with the exception that significant black spruce recruitment can occur on surviving unburned mats of sphagnum moss in some locations (Greene et al. 2004 ). We previously demonstrated that population dynamics near the species' northern limit in Alaska were very similar to those observed in the central portion of the species' range, in that the majority of sexual reproduction in burned stands occurred within a few decades of fire . It is not known, however, whether the absence of fire is a sufficient explanation for the species' range limit in northern Alaska.
In Alaska, substrate may also play an important role in limiting black spruce at its northern edge. The arctic treeline in northern Alaska occurs in the southern Brooks Range, an east-west trending mountain range composed largely of calcareous rocks; the northern limit of black spruce occurs in the southern foothills of the range. Although much of Alaska remained unglaciated during the Pleistocene, the Brooks Range was glaciated, and glaciers advanced out of the mountains into low-lying areas north and south of the mountains several times (Hamilton 1982) ; each advance transported relatively calcium-rich till into the surrounding areas. The Itkillik I advance, which extended far into the foothills north and south of the Brooks Range, occurred >50 000 years ago. More recently, during the Walker Lake (or Itkillik II) advance, glaciers again advanced north and south out of the Brooks Range, but this advance failed to extend as far north or south of the Brooks Range as the previous advance. When the glaciers receded, at approximately 13 500 years ago in the southern Brooks Range and 12 000 -13 000 years ago in the northern Brooks Range (Hamilton 1982) , they left an abrupt gradient in surface age and, as a result, soil characteristics.
The differences between the older (>50 000 years) Itikilik I surface and the younger Walker Lake surface have been well studied on the north slope of the Brooks Range, where the change in surface age is associated with a pronounced change from moist acidic tundra on older surfaces to moist nonacidic tundra on younger surfaces (Hobbie and Gough 2002; Hobbie et al. 2000; Oswald et al. 2003) . Young surfaces in the northern foothills of the Brooks Range are characterized by higher soil pH, higher available calcium and magnesium, higher cation-exchange capacity, and higher base saturation than the older surfaces farther away from the mountain range (Hobbie and Gough 2002) . The same gradient in surface age occurs in the southern Brooks Range, but its role in controlling the distribution of key vegetation types remains unstudied there. However, given that substrate, and pH in particular, is an important determinant of black spruce forest structure and composition throughout its range in Alaska (Hollingsworth et al. 2006) , it is possible that substrate plays a role in limiting the species' distribution at its northern range boundary in the Brooks Range.
In this paper, we report results from tests of the predictions from two hypotheses that may explain the northern range limit of black spruce in Alaska.
Hypothesis 1: Black spruce is limited by a dependence on fire for successful regeneration at its northern limit. (a) Sexual reproduction by black spruce is restricted to the three decades immediately following fire (e.g., Yarie 1983; Fastie et al. 2003) . (b) Populations with similar fire histories have similar recruitment success.
Hypothesis 2: Black spruce is limited at its northern range edge in Alaska by substrate, in particular by the abrupt shift from older, acidic substrates to younger, alkaline substrates associated with the limit of the Walker Lake glaciation in the Brooks Range. (a) Sites of different age exhibit significant differences in soil pH and forest composition/structure. 
Materials and methods

Field methods
We had previously identified the northern limit of black spruce in the southern Brooks Range . We sampled black spruce forests at six study sites along a 74 km northward transect defined by the Dalton Highway ( Fig. 1; Table 1 ). These six intensive study sites are identified by number, from 1 (the southernmost site) to 6 (the northernmost site). Site latitudes are reported to their full precision in Table 1 ; for ease of presentation, latitudes are reported elsewhere in decimal degrees. The transect was placed to span the gradient in surface age and the transition from black spruce to white spruce forests: the southernmost Fig. 1 . Location of study sites. The location of the study area in Alaska is indicated in the inset map at the upper left. Study sites are located along the east side of the Dalton Highway (not shown here). The approximate location of the Minnie Creek moraine on the study transect, which divides young from old surfaces, is shown (Hamilton 1982). site (site 1, 67.358N) was in an area heavily dominated by black spruce (which made up >90% of stems), while the northernmost site (site 6, 67.708N) was in an area composed almost entirely of white spruce (which made up >99% of stems). Site 6 is approximately 38 km south of treeline but is the northernmost location at which we have found black spruce. The end moraine of the Walker Lake glacial advance is between sites 2 and 3 (approximately 5 km north of site 2; Fig. 1 ), so sites 1 and 2 are near the northern edge of the old surface, while sites 3-6 are on the younger surface. The population age structures at sites 3-5 were the subject of a previous publication ; new soil data and seed viability data have been added since those earlier results were published.
At each of the six study sites, we established three randomly located 225 m 2 plots. The understory vegetation of each study plot was described from point surveys at 0.5 m intervals along a single line transect bisecting each study plot. In each study plot, every live tree was permanently tagged and an increment core was obtained that included the pith as close to the root crown as possible. Trees too small to core (<1.3 m tall and (or) <2 cm in basal diameter) were classified as seedlings; age of these individuals was estimated by counting the number of terminal bud scars. Although seedling ages can be determined from ring counts if individuals are harvested, counts of terminal bud scars are widely used in situations where harvesting seedlings is impossible or undesirable (Black and Bliss 1980; Landhausser and Wein 1993; Lloyd and Fastie 2002, 2003) ; as our plots are intended for long-term monitoring of spruce population dynamics, harvesting seedlings was not a viable option. In previous studies, we have calibrated age estimates derived from terminal bud scar counts against age estimates from ring counts of harvested seedlings and have found that they are accurate within the decadal-scale resolution of our age structures .
Black spruce seedlings can establish either from seeds or clonally by branch layering. We excavated the base of each seedling, sapling, and small adult black spruce to examine the root structure for signs of clonal origin, in the form of a connection to a parent tree. Although these connections do decay over time, we found evidence of connections on seedlings as old as 76 years, suggesting that they persist sufficiently long for us to successfully resolve seedling origin for at least the last few decades. At sites 1 and 2, where seedling density was very high, we subsampled seedlings in a smaller plot within the permanent study plot. To determine whether seedlings preferentially established in particular cover types, we categorized the primary forest floor cover (sphagnum moss, feather moss, lichen, or vascular plant) in which each nonclonal seedling occurred and conducted a random sample of 30 points within the plots to determine the abundance of each category of cover.
Cross sections were collected from all sound dead trees and seedlings in the plots. We identified fire-killed trees by the presence of charred branch stubs . Cross sections were collected from live fire-scarred trees found outside the study plots; we found a total of six firescarred trees at three of the sites.
The number of cones on each live tree was estimated according to five categories: 0 cones, 1-20 cones, 20-50 cones, 50-100 cones, and >100 cones per tree. To estimate the viability of seeds along the gradient of study sites, we collected cones from three to six haphazardly selected trees at each of the six study sites, plus one additional site farther south (67.198N) and one intermediate site at the southern edge of the young surface between sites 2 and 3 (67.438N).
We collected soil samples from a minimum of five randomly located soil pits at each of the six study sites. We also collected soil samples from 14 additional study sites to better characterize changes in soil pH along the transition from the old to the young surface. These additional study sites were evenly located, using Dalton Highway milepost markers as sampling locations, along a northward transect beginning 20 km south of site 1 and ending approximately 10 km north of the Walker Lake moraine. Nine of these (at 67.198, 67.208, 67.218, 67.238, 67.298, 67.308, 67.318, 67.418, and 67.438N) were on the older surface, while five (at 67.478, 67.498, 67.528, 67.538, and 67.738N) were on the younger surface. At each of these additional sampling locations, we collected 10 soil samples along a transect perpendicular to, and at least 100 m away from, the Dalton Highway. Within each soil pit, we removed living vegetation and moss. We collected a sample from the upper 5 cm of the organic layer and a second sample from within the upper 10 cm of the mineral soil. The organic layer is clearly identifiable in these soils, as it takes the form of relatively poorly decomposed peat; there is little mixing between the organic layer and the underlying mineral horizon. In several sites with deep organic layers and shallow permafrost, we were unable to collect a mineral soil sample.
Laboratory methods
Tree-ring analysis
Tree cores were mounted on wooden strips and sanded. Note: A subset of measurements were made at several additional sites, whose locations are provided within the text. Surface age is inferred from glacial maps in Hamilton (1982) . Sites 3-5 were the subject of an earlier paper ).
Ring width was measured to a precision of 0.002 mm on a Velmex sliding-stage micrometer (Velmex, Inc., Bloomfield, New York). Ring-width series were crossdated using both statistical (Holmes 2000) and visual methods (Stokes and Smiley 1968) . Germination dates were estimated from crossdated inner ring dates after correction for missed pith and time to grow to core height. In cores that lacked the pith, years to the pith was calculated by estimating the distance to the pith from the curvature of the inner rings and calculating the number of rings in that distance from the growth rate of the innermost 20 rings in the core. Inner ring dates were corrected for the time to grow to core height from a linear regression of seedling age on seedling height, estimated separately for each site (Table 2) . Regression lines were not forced through zero: doing so substantially degraded the strength of the relationship, and as our minimum core height was approximately 4 cm, the equations were not used to estimate age from any seedlings <4 cm tall. Death dates were established for dead trees using a combination of visual and statistical crossdating. No attempt was made to correct death dates for erosion of wood from the outer surface, so mortality dates should be interpreted as a minimum estimate of the year of death. Fire scar dates were determined from crossdated rings inside and outside the scar. Adult growth rates were estimated by basal area increment, which is the cross-sectional area added to the tree each year. To calculate basal area increment, the cross-sectional area (which is calculated using cumulative ring width as an estimate of tree radius) in year t -1 is subtracted from the cross-sectional area in year t. A mean lifetime basal area increment was calculated for each tree.
Estimates of seed viability
Germination rates were determined under controlled conditions in the Middlebury College greenhouse. Cones were air-dried for 6 months in paper bags. Black spruce cones are semi-serotinous, so cones were opened by heating in a drying oven at 60 8C for a period of 8 h to facilitate opening and seed release (Greene and Johnson 1994; Sirois 2000) . All seeds were extracted from the cones, and the total number of seeds was recorded. Seeds were floated in ethanol, and floating seeds were removed from subsequent analysis, as we determined that these seeds were uniformly empty and nongerminating. Nonfloating seeds, which we will refer to as filled seeds, were placed on moistened filter paper in plastic Petri dishes and watered as necessary. Seeds were observed for a period of 30 days, during which germination was recorded daily. Germination rates were calculated as the proportion of filled seeds from a tree that germinated. Seed viability is thus reported in two ways: as the number of filled seeds produced per cone by a tree and as the germination rate for that tree. Due to the inadvertent loss of data, we have data on the former measure (filled seeds per cone) for only six of the sites.
Soil pH analysis
We measured soil pH using two different buffer solutions: distilled water and a 0.01 mol/L CaCl 2 solution. The pattern of differences among sites was identical with both buffers, so we report only the results from the water-buffered trials here. Soil samples were homogenized, and a 5 g subsample of soil was removed from each sample and mixed with 50 mL of distilled water. Samples were agitated and allowed to settle for 60 min. The pH of the solution was measured with an Oaklon pH meter (Eutech Instruments, Vernon Hills, Illinois). We measured pH on a replicate of every fifth sample to monitor consistency of results.
Statistical analyses
We used two approaches to testing predictions about the role of substrate as a control over black spruce success. First, we used surface age as a proxy for substrate characteristics and compared soil pH, spruce density, tree and seedling growth, seed germination, clonal reproduction, and vegetation characteristics between sites on the two surfaces. We conducted these comparisons using an analysis of variance with a planned contrast among site means. The general form of the contrast is shown in eq. 1 in which t is the number of treatments (sites in this case), k i is the coefficient of the ith site, and i is the site mean:
The coefficients varied depending on the number of sites on each surface age but in all cases were set up so that the coefficients on the older surface summed to +1 and the coefficients on the younger surface summed to -1. The contrast thus tested the null hypothesis that c = 0 or, in other words, that the site means on the old surface were not different from site means on the young surface. An F test was used to test the significance of the contrast; F was calculated as the ratio of contrast to error mean squares (Kuehl 1994) . We report only the contrast F tests in Table 4 ; the F Note: Intercepts are reported because the lines were not forced through 0, as described in the Materials and methods section. The number of black spruce seedlings used in establishing the relationships is indicated in the last column.
tests for the overall analysis of variance comparing site means are not reported. We compared median cone counts on the two surfaces using a Mann-Whitney U test, as cone counts were an ordinal variable and thus did not meet the assumptions of an analysis of variance.
Second, we used linear regression to determine whether soil pH is a significant predictor of growth, density, or reproduction. We used organic soil pH as a predictor of seedling characteristics (as they are rooted within the O horizon exclusively) and mineral soil pH as a predictor of other response variables. Because pH and latitude are correlated, it is possible that a significant relationship between pH and a response variable may be spurious, reflecting the influence of some unmeasured correlate of latitude (e.g., temperature). To assess whether this might be the case, we conducted a set of exploratory analyses using both pH and latitude as predictors in a backwards stepwise regression, which is more stable in the face of multicollinearity than forwardsstepping procedures (Zar 1999) . In all cases, the estimated effect of pH was similar in direction and approximate magnitude as when the analysis included only pH as a predictor. As our objective was specifically to test the effects of pH (e.g., Hypothesis 2 in the Introduction), we report only the results of the simple linear regression using pH as a predictor.
Results
Effects of fire
Six fire scars from six study sites were successfully crossdated, as were 25 fire-killed trees collected from three of the sites. Five of the six fire scars indicated that a fire occurred late in the 1901 growing season. The fire occurred after the cessation of growth (which usually comes in late July) in four trees and at the beginning of latewood formation in the fifth tree. The 1901 fire scars were collected from site 1 (n = 2 scars), site 3 (n = 2 scars), and site 5 (n = 1 scar). A fire scar dating to 1932 was found on a single tree at site 1. Outer ring dates of 25 standing dead trees collected from sites 3-5 showed a distinct peak at around the turn of the 20th century (Table 3) . Of the 11 trees with outer ring dates between 1901 and 1905, six had an outer ring date of 1901 and four had an outer ring date of 1902. All of these trees were standing dead, with charred branch stubs indicating that they were killed by fire. The trees with outer ring dates in 1902 may have been injured in the fire but continued to grow into the following year. The peak of death dates at this time supports the inference that a relatively widespread fire occurred in 1901. Although no fire scars were found at site 2, there were charred, standing dead trees present at the site, indicating that the site did burn at some point in the past. Tree growth patterns at this site varied widely among trees, for reasons that remain unknown; the crossdating among live trees was relatively poor at this site, and we were unable to successfully crossdate any of the dead trees. The date at which the standing dead trees were killed thus remains unknown, but their degree of decomposition was virtually identical to that of the standing dead trees found (and crossdated) elsewhere. Although it is possible that the 1901 fire burned sites 1 and sites 3-5 (all of which have evidence of fire in the form of fire scars and (or) fire-killed trees) without burning site 2, it is more likely, particularly given the presence of undated fire-killed trees at site 2, that the fire affected all five of the southern study sites. There was no evidence for fire (in the form of fire scarred trees, charred dead trees, or soil charcoal) at site 6, the northernmost site. With respect to fire history, then, the sites fall into two groups: a group that burned in 1901 (sites 1-5) and a single site that has not burned recently (site 6).
Recruitment history varied along the transect of sites, with the biggest variation in recruitment history occurring between sites that burned recently (sites 1-5, Figs. 2a-2e ) and the site that did not (site 6, Fig. 2f ). The burned sites all exhibited, to varying degrees, consistent establishment of black spruce seedlings throughout the 20th century and ample establishment of black spruce from seed, particularly in the two to three decades following the 1901 fire. At site 6, in contrast, isolated individuals established in the 1700s (data not shown) and 1800s; 20th century recruitment was sporadic, consisting almost entirely of clonal offspring of those older individuals. Clonal reproduction accounted for more than 90% of the recent recruitment at this site (Fig. 3) .
Recruitment varied, however, even among the burned sites. At site 1 (Fig. 2a) , recruitment of black spruce was relatively low and steady until the 1940s, after which very high densities of black spruce established (thousands of seedlings per hectare). Although a tree with a 1901 fire scar was found at this site, there was little evidence for a pulse of recruitment following the event. High recruitment in the 1940s at site 1 may be related to the 1932 fire scar that scarred another tree at this site; that fire may have killed much of the post-1901 recruitment. Recruitment of black spruce at sites 2-5 (Figs. 2b-2d ) did appear to respond strongly to the 1901 fire: recruitment at all four sites was high for two to four decades following the fire and then fell during the 1940s and 1950s. At site 2 (Fig. 2b) , very high rates of black spruce recruitment from seed have occurred since 1960, despite the absence of fire during that time. At sites 3-5 (Figs. 2c-2e) , black spruce recruitment in recent decades has been low and has consisted primarily of clonal reproduction from branch layering (Fig. 3) .
Two distinct reproductive modes are thus evident in the recruitment histories. Clonal reproduction was significantly more important (as measured by the proportion of seedlings that originated as clonal offspring) in sites on the young than on the old surface (F [1, 11] = 10.735, P = 0.007) Note: Outer ring dates were not corrected for erosion of wood from the outer surface, so the actual death date may have been after the date indicated here. (Fig. 3) . Vigorous sexual reproduction in all years was observed at sites 1 and 2, on the older surface, while vigorous sexual reproduction was observed only in postfire years at sites on the younger surface.
Effects of substrate
Soil pH differed significantly among our sites along our expanded transect of 20 soil sampling locations (Fig. 4) . Among our six intensive study sites (circled in Fig. 4) , the two southern sites were characterized by relatively acidic soils, while the four northern sites had pH-neutral or even basic soils. Although there was wide variation among sites, particularly on the older surface, mean organic and mineral soil pH was significantly lower on the older surface than on the younger surface (Table 4 ). The two surfaces differed in most other measured characteristics as well (Table 4) : older surfaces supported more black spruce trees and seedlings (particularly nonclonal seedlings) and a greater frequency of sphagnum moss and lichens. Trees on the older surface grew faster (although seedlings grew more slowly) and produced more viable seeds (as measured by either germination rates or the percentage of filled seeds) ( Table 4) .
The reduced density of nonclonal seedlings and reduced importance of sexual reproduction on the younger surface . Note that the scale on the y-axis is different in Fig. 2a .
may be related in part to changes in the nonvascular flora between the two surface ages. At the two sites on the older surface, where black spruce reproduction from seed continued to occur many decades after the 1901 fire, black spruce seedlings showed a significant preference for sphagnum moss over other surface covers (Table 5 ). More than 60% of the seedlings occurred on sphagnum moss, although sphagnum moss covered <15% of the surface at the two sites. Furthermore, black spruce seedling density was positively correlated with sphagnum moss abundance across sites (Spearman's r = 0.662, P = 0.003, n = 18). As sphagnum moss tended to be less abundant at the sites on the younger surface (Table 4) , this relationship may partially contribute to the trend of decreasing abundance of nonclonal seedlings. Low rates of seedling establishment from seed may also have been affected by a reduced availability of seed, as surface age and soil pH were correlated with the amount of viable seed produced at a site. The median number of cones per tree was significantly lower on young (median = 20) than on older surfaces (median = 50) (U = 40.156, P = 0.002, n = 619 trees), and cone numbers were inversely correlated with site pH (r = -0.182, P < 0.001). Soil pH appeared to be an important correlate of seed viability as well. The soil pH of the site in which a tree grew was a significant predictor of the number of filled seeds per cone on that tree (R 2 = 0.106, F = 6.847, P = 0.011, df = 1): filled seed numbers per cone fell as pH increased ( = -0.325, t = 2.617, P = 0.011) (Fig. 5a) . Similarly, the soil pH in which the maternal tree grew was a significant predictor of the germination rate of that tree's seeds under controlled conditions (R 2 = 0.33, F = 13.301, P = 0.001), and germination rate declined as soil pH at the site at which the maternal tree grew increased ( = -0.574, t = 3.647, P = 0.001) (Fig. 5b) . The southernmost site included in the analysis of germination rate, at 67.198N, is of particular interest here and is circled in Fig. 5b . Although its soil pH is equivalent to that of soils on the young surface much farther north, it lies approximately 20 km south of site 1. Despite its southerly location, seed viability at this site is very low, equivalent to the viability observed at sites on the young surface >40 km farther north.
Surface age and substrate had mixed, and generally minor, effects on tree and seedling growth. Soil pH had a significant, but very small, effect on tree basal area increment (R 2 = 0.028, F = 14.324, P < 0.001, df = 1): tree growth tended to decline with increasing pH ( = -0.168, t = 3.785, P < 0.001) (Fig. 6) . The small amount of variance in tree growth explained by pH (2%) suggests that this factor is Site No. Proportion of seedlings originating as branch layers Fig. 3 . Proportion of seedlings originating as clones (from branch layering) in plots at sites 1-6. Open circles are plots in sites on the old Itkillik I surface (>50 000 years old) and solid circles are plots in sites on the younger Walker Lake surface (13 500 years old). Only two plots are graphed for site 6 because the third plot had no black spruce seedlings. of very minor biological importance and that other factors must drive the decrease in growth observed between old and young surfaces (Table 4) . Although pH was a statistically significant predictor of seedling growth (R 2 = 0.003, F = 4.153, P = 0.042), the amount of variance explained by the model is so small that the biological importance of pH as a driver of seedling growth is probably trivial.
Discussion
Black spruce is a common treeline species in the eastern North American arctic but is absent from treeline in northern Alaska. In a previous study of three populations near the species' northern limit (all on the young surface, sites 3-5 in this paper), we had hypothesized that climatic limitations on seed production and (or) growth were a likely explanation for the species' northern range limit ). In the current study, we expanded our sampling to include a broader latitudinal gradient and, as a result, to include sites on both the younger and older surfaces. Results from the broader sampling reported in this study indicate that the observed changes in forest structure and black spruce reproduction and recruitment along the sampled gradient can be explained better by nonclimatic factors (fire and substrate) than by latitudinal changes in climate. The results of this study therefore suggest that the northern limit of black spruce in Alaska results primarily from the combined effects of fire and substrate (particularly as affected by glacial history and thus surface age) on reproduction and recruitment. Furthermore, it is likely the interaction between those two factors that is most important: neither factor alone provides a sufficient explanation for the range limit of black spruce.
If fire-dependent reproduction is the primary control over the northern boundary of black spruce, then three predictions should be supported: sexual reproduction should be restricted to postfire years, sites with similar fire histories should have similar patterns of recruitment (thus indicating that fire, rather than some other variable, is the primary control over recruitment patterns), and fire frequency should decline towards/at the species' northern range limit. We were able to directly test the first two of these predictions, and they were supported only on the young (northern) surface: fire did not appear to be an important control over population dynamics or reproduction in the populations on the older surface, although recruitment at site 2 seemed strongly enhanced after the 1901 fire. Note: Tree and seedling densities refer to black spruce only, so are not an accurate estimate of total tree density (particularly at sites on the young surface where white spruce are abundant; Lloyd et al. 2005) . The statistical results report the tests of the null hypothesis that the mean parameter in sites on the old surface does not differ from that on the young surface; the F test statistic thus refers to that contrast and not to the overall test of differences among sites (see Materials and methods for details). Note: Expected values are calculated assuming that seedlings will be randomly distributed with respect to substrate and thus will occur on substrates in proportion to the abundance of the substrate. Note that the abundance of nonvascular plant types differs from those shown in Table 3 because of different sampling methods used to characterize percent cover.
The controlling role for fire is clearly visible in the recruitment histories of the six study sites, which revealed three primary patterns of reproduction over the last 200 years. Vigorous recruitment from seed occurred continuously at sites 1 and 2. High rates of recruitment occurred in the decades immediately following a fire in 1901 at site 2, where fire stimulated a pulse of reproduction; there was less indication of a pulse of recruitment after the 1901 fire at site 1, but recruitment at that site did appear to respond to a subsequent fire in the 1930s. Elsewhere in the species' range, black spruce populations tend to be even-aged, with most recruitment occurring within a few decades of fire (Morin and Gagnon 1992; Yarie 1981) . At sites 1 and 2, however, recruitment from seed continued to be successful many decades after the fire at these sites, resulting in a highly uneven population age structure. The window for successful recruitment was thus not restricted to postfire years at these sites.
A second pattern of recruitment was observed at sites 3-5, which also burned in the 1901 fire; the age structure of these sites was previously described by Lloyd et al. (2005) . The age structure of these populations is much more similar to that of the even-aged postfire populations described elsewhere in the species' range (Morin and Gagnon 1992; Yarie 1981) : vigorous reproduction occurred at these sites only in the 20-30 years following the 1901 fire. In recent decades, rates of recruitment have been low (less than half that at sites 1 and 2), and clonal regeneration has accounted for the majority of successful recruits. Although we are unable to determine directly the origin of the trees that established after the 1901 fire (i.e., whether they are clonal or from seed), there is good evidence from the age structure of live trees and the abundance of fire-killed trees that the fire was stand-replacing or nearly so. The high rates of establishment observed following the fire would therefore have had to result -at least for the most part -from sexual rather than clonal reproduction. Similar postfire shifts in the dominant mode of reproduction have been observed in the lichen woodlands in the forest-tundra zone of eastern Canada, where a shift from sexual to clonal reproduction generally occurs several decades after a fire (Payette 1992) .
Finally, a third pattern of recruitment was observed at site 6, the only site at which we saw no evidence for fire, either in the form of fire scars, fire-killed trees, or soil charcoal. At this site, establishment of black spruce occurred sporadically (once every 50-100 years) during the 1700s and 1800s. Recruitment after 1900 at this site was almost entirely the result of clonal reproduction by these older trees; only three seedlings (out of 35 total) were found that were not obviously produced by branch layering. The ability of black spruce to persist through layering has been well documented in its eastern range, where relict populations rely on layering to persist during periods of unfavorable climate (Payette and Gagnon 1979) Changes in recruitment history along the transect of sites thus suggest that northern population (sites 3-6) are more Relationship between the number of filled seeds per cone and mineral soil pH in the site of origin (n = 60 trees from six sites) and (b) relationship between seed viability (% of filled seeds that germinated) and mineral soil pH in the site of origin for trees from seven sampling locations (n = 29 trees). The circle indicates the southernmost site sampled, which is described in the text. dependent on fire for recruitment from seed than southern populations (those at sites 1 and 2). Indeed, a comparison of the establishment dynamics at site 6, at which there is no evidence for fire, and sites 3-5, which all burned in 1901, reveals the importance of fire: sexual reproduction was virtually nonexistent at the former site, despite the fact that seed viability at that site was comparable with that at sites 3-5. Our two predictions were thus only partially supported. The first prediction, that recruitment should be dependent on fire, was supported at some, but not all, sites. Dependence on fire for sexual reproduction increased towards the species' northern range limit. Sexual reproduction was limited to postfire conditions in the northern populations near the species' range limit, but high rates of sexual reproduction occurred in unburned conditions in the southern populations. Accordingly, the second prediction, that sites with similar fire histories would exhibit similar patterns of recruitment, was supported only if surface age was held constant: recruitment patterns were similar (although not identical) at sites 1 and 2, both of which burned in 1901 and were located on the older surface, and at sites 3-5, all of which burned in 1901 and were located on the younger surface. Fire history therefore provided only a partial explanation for variation in recruitment history along a transect approaching the species' range limit.
The third prediction, which must be met for fire to explain the northern range limit of black spruce, is that fire frequencies must change at the northern range limit. Given that sexual reproduction is fire dependent at the species' northern limit, we would specifically need to demonstrate that fire frequency declined at that point. We were unable to find any published reconstructions of long-term fire history in the southern Brooks Range. Although we did find that the time-since-last-fire was much greater at our northernmost site (which had no evidence of having burned) than at our five more southern sites (which all burned in 1901), our reconstructions do not extend sufficiently far back in time to provide a robust test of the hypothesis that fire frequency declines along a northward transect into the Brooks Range. Nonetheless, such a gradient in fire frequency in the Brooks Range is plausible, as latitudinal declines in fire frequency have been identified throughout the North American boreal forest. In eastern Canada, fire frequency declines from <200 years in the southern forest-tundra zone to >7000 years at treeline (Payette 1992) ; similar latitudinal declines in fire frequency have been reported in western Canada (Johnson 1992) . In Alaska, fire intervals are shortest in interior areas and decline dramatically towards the large mountain ranges (Kasischke et al. 2002) . It is thus plausible, particularly given the fire history that we were able to reconstruct at our sites, to conclude that fire frequency may, indeed, decline along the northward transect into the Brooks Range that we sampled and therefore that the observed dependence of regeneration on fire at the northern sites may contribute to the species' northern range limit.
Dependence of sexual reproduction on fire may thus provide a partial explanation for the northern range limit of black spruce, but the spatial pattern of that dependence suggests a crucial contributing role for substrate. Our results suggest that changes in substrate associated with the shift from the Itkillik I aged surface (>50 000 years old) to the Walker Lake aged surface (13 500 years old) contribute to the reduced reproductive success observed across our transect of study sites and increase dependence on fire in the northern populations. As expected based on work in the northern Brooks Range (Hobbie and Gough 2002) , soils on the older surface were significantly more acidic than those on the younger surface. The difference was more pronounced in the mineral horizons (which are more directly affected by the chemical composition of the glacial till that provides the parent material for soil development) but was significant even in the organic horizon.
Differences in soil pH among our sites had only very minor effects on tree and seedling growth rates but were strongly correlated with measures of reproductive success. The effect of substrate on reproduction appeared to be twofold. First, trees growing on the younger surface had fewer cones and fewer filled seeds per cone and produced fewer viable seeds. Our estimates of median cone numbers, mean number of filled seeds per cone, and mean germination rates suggest that an individual tree on the old surface will, at any given point in time, have an aerial seed bank containing approximately 60 viable seeds. An individual tree on the young surface, in contrast, will have an aerial seed bank containing only 21 viable seeds. The effects of substrate (and surface age) on reproductive success thus amount to a threefold reduction in the availability of viable seeds on the young surfaces.
The association between seed viability and substrate may arise for two reasons: it may be indirect, resulting from an additional variable (i.e., latitude) with which substrate characteristics are correlated, or it may reflect a direct causal relationship between substrate and reproductive success. Because surface age and latitude are inextricably confounded (e.g., younger sites are farther north than older sites), it is possible that this dramatic reduction in availability of viable seeds results from the more northern position of the younger surface rather than from the direct effects of substrate itself. Two factors, however, point to the substrate and not latitude as the cause of declining seed viability in the northern (younger) sites. First, latitude was not a significant predictor of seed viability in our exploratory analyses (which included both pH and latitude as potential predictors). Second, our survey of seed viability included a relatively southerly site (approximately 20 km south of site 1) that had the highest mineral soil pH measured. (The glacial history of this site is unknown: it is located near a side valley off the Koyukuk River valley in which our other sites are located, but we were unable to determine whether it is on an end moraine of Walker Lake age from that side valley or simply on an area of calcareous parent material.) The pH at this site was statistically similar to that observed at our young sites much farther north. If latitude, rather than pH, was the primary driver of declining seed viability, we would expect that, by virtue of its southern location, the viability of seeds from this site would be high -comparable with that observed at sites 1 and 2. However, seed viability at this site was lower than at any of our other sites (even the northernmost site, site 6, which had virtually no successful sexual reproduction). Our data thus lead to the conclusion that it is substrate, and not latitude, that causes the observed reduction in seed viability between older and younger surfaces.
The mechanisms for a causal link between substrate characteristics and the production of viable seed, however, remain unclear. Although there is ample evidence that seed germination rates in black spruce are highly sensitive to the seedbed characteristics (Fleming and Mossa 1994; Greene et al. 2004; Groot and Adams 1994; Johnstone and Chapin 2006) , the effects of substrate on seed viability, independent of seedbed characteristics, are not well studied in black spruce. The most obvious mechanism by which substrate should affect seed production is by influencing the growth of adults. According to this hypothesis, unfavorable substrates yield slow-growing trees that have insufficient resources to produce a large crop of viable seeds. Evidence in support of this explanation is mixed in our study. Although we did find evidence that trees on the younger surfaces grew more slowly (as measured by annual basal area increment) than their counterparts on older surfaces, substrate pH was only weakly related to tree growth. It seems unlikely, given the relatively minor reductions in growth on areas with high soil pH, that the reduced seed viability would be mediated entirely by adult tree growth. Substrate may also affect reproductive success by influencing aspects of the mating system other than seed development, however. For example, reduced tree density in sites with unfavorable substrates (e.g., on our young surfaces compared with older surfaces) might affect the production of viable seed by reducing outcrossing rates; mortality of self-fertilized seeds is relatively high in black spruce (Sproule and Dancik 1996) . Further investigation of outcrossing rates and population genetic structure at these sites would help clarify possible mechanisms for reduced seed viability.
The effects of low seed viability may be compounded on the young surface by the effects that changes in substrate have on the seedbed and, thus, recruitment success of the seeds that are produced. At the two sites (on the old surface) with vigorous sexual reproduction, a disproportionate number of the seed-origin black spruce seedlings occurred on sphagnum moss. Although black spruce regeneration can be reduced when seedlings establish on fast-growing species of Sphagnum (LeBarron 1945; Roe 1949) , enhanced reproduction on partially decomposed or living sphagnum moss has been demonstrated in some studies (Fleming and Mossa 1994; Greene et al. 2004; Groot and Adams 1994) . Particularly in drought-prone sites, sphagnum moss provides a moist microsite on which seedlings can establish. In contrast, feathermoss, which replaces sphagnum moss as the dominant nonvascular ground cover at sites on the younger surface, tends to dry out more rapidly than sphagnum moss and thus provides an unfavorable seedbed for black spruce recruitment (Fleming and Mossa 1994; Groot and Adams 1994) . Sphagnum moss thus appears to be an important microsite for black spruce establishment, particularly in the absence of fire. Sphagnum, however, is rare (site 6) or entirely absent (sites 3-5) on the younger surface. We thus conclude that surface age has two synergistic effects on reproduction: trees on the younger surface produce fewer viable seeds, and those seeds that are produced encounter, in nonfire years, unfavorable seedbed condition. The likelihood of successful establishment from seed is thus quite low, and fire provides, on these surfaces, the only window for vigorous establishment from seed.
The role of fire thus seems to be quite different in Alaska than at the northern range limit of black spruce in eastern Canada. At our sites, fire stimulates sexual reproduction and seems to have a beneficial effect on population growth and density. In contrast, fires at treeline in eastern Canada have been associated with a reduction in population density and the deforestation of large areas of the forest-tundra zone (e.g., Payette and Gagnon 1979; Payette and Morneau 1993) . The difference in the effects of fire on black spruce population dynamics in the two regions may lie in the contrasting role that climate plays in maintaining the species' range limit. In Alaska, our data suggest that substrate limitations interact with fire to maintain the species' northern range limit, which may thus be considerably farther south than its physiological tolerance for climate would allow. In eastern Canada, in contrast, there is no comparable substrate limitation, and black spruce thus occupies the full extent of its climatic range; there is even some indication that relict populations may exist beyond its current reproductive limit (e.g., Payette and Morneau 1993) . Marginal populations in Canada may thus be more limited by climate than marginal populations in Alaska, and the role of fire is, as a result, quite different in the two locations. In summary, the absence of black spruce from northern treeline forests in Alaska likely results from the combined effects of reduced fire frequency and unfavorable substrates on regeneration. Although black spruce trees are capable of successfully growing on the young glacial surface in the southern foothills of the Brooks Range, they produce few viable seeds and those seeds encounter conditions favorable to establishment only in the brief window following a fire. The northernmost population of black spruce that we have found in this area, which appears to have established in an area that has not burned within the last 200 years, thus consists of a handful of old individuals reproducing almost entirely by layering.
Our data thus suggest that the distribution of black spruce ecosystems is unlikely to change in response to future climate warming unless fire, and with it the conditions that promote sexual reproduction, becomes more common; both models and historical studies seem to indicate that this is likely in Alaska. Increases in fire frequency, severity, and (or) area burned are expected to occur across large areas of the boreal forest (except eastern Canada) as climate warms Flannigan and Van Wagner 1991; Flannigan et al. 2001; Soja et al. 2007; Stocks et al. 1998) . Increases in the area burned have already been detected during recent decades in parts of the North American boreal forests (Van Wagner 1988) . More frequent fires in northern Alaska should stimulate recruitment of black spruce at its northern limit and may thus promote the northward migration of the species.
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